Achieving stable trotting of quadruped robots on various surfaces is challenging because they lose balance due to the displacement of their center of gravity (COG) and undesirable impulse forces. This paper proposes schemes for postural transition and robust posture control, thus enabling quadruped robots to trot on horizontal and slanted surfaces. For a region connected by surfaces with different angles, the postural transition scheme (PTS) is implemented by the movement values optimized by a real-coded genetic algorithm (RCGA), which regulates the location of the center of gravity (COG) projection point of robots. In addition, the movement values are applied to the center points of the desired foot trajectories by using cubic polynomial, which is able to generate adaptive foot motion continuously and gradually. For robust posture control, admittance control with impedance modulation (IM) is applied to the foot trajectories, which changes the impedance parameters in real-time depending on the magnitude of the disturbances, such as the excessive swaying of the robot body that cause instabilities in the robot posture during locomotion. Control thresholds regulated by the angular speed of the robot body are proposed as a criterion for controlling the excessive swaying by IM. Computer simulations and hardware experiments were carried out to verify the performance of the proposed schemes.
I. INTRODUCTION
In general, legged robots have an advantage over other terrestrial mobile robots in that they can equally move in sandy, rough, rocky, and steep terrains. Among many legged robots, quadrupeds offer a viable solution exhibiting locomotion stability and velocity at the same time [1] - [7] . The locomotion of quadruped robots is generally categorized into five types depending on the leg positions and gait speeds: walking, trotting, cantering, bounding and galloping (with transverse or rotary patterns). The trotting motion, which is the main topic in this paper, is a locomotion of middlerange speed, where a diagonally positioned pair of legs support the body whereas the other pair is simultaneously lifted from the ground and prepares the landing for the next step. Trotting is more energy-efficient locomotion for quadrupeds than any other types of locomotion. Therefore, trotting has attracted significant interest in the research on locomotion of quadruped robots [8] - [11] . Trajectory generation of legged The associate editor coordinating the review of this manuscript and approving it for publication was Aysegul Ucar . robots can be classified depending on whether it is based on modeling or not. In a model-based method, such as the linear inverted pendulum (LIPM) [12] and gravity-compensated inverted pendulum models (GCIPM) [13] , each robot is modeled as a single or a few point masses. On the other hand, in a model-free method, a trajectory of a legged robot is generated without any dynamic model. Model-free methods include central pattern generators (CPGs) [14] - [16] and the ellipsoidal foot trajectory [17] . In the former, a rhythmic motion pattern of each active joint is generated by a simple artificial neural network and in the latter, a cyclic and smooth motion for each foot is designed to yield a path on an ellipsoid. Since any trajectory generated by a model-free method does not guarantee stable locomotion, however, characteristic hardware designs of robot legs or control schemes to ensure locomotion stability are needed. For locomotion stability, the feet of the robots should be able to adapt appropriately to the uncertain ground profile. For stable foot landing, along with the use of back-drivable actuators and/or force sensors, various control methods such as fuzzy control, adaptive control, force control, and impedance control have been extensively proposed [16] , [18] - [24] . Particularly, it has been shown that impedance control helps to maintain robot posture balance by regulating the impulsive ground-reaction force and adapting to uncertainty on the ground profile and that the use of variable impedance or impedance modulation (IM) is effective [25] - [27] .
Locomotion stability is mainly evaluated by a static or a dynamic stability margins [28] . The former is based on a support polygon and the projection of the center of gravity (COG), under the assumption of quasi-static motions [14] , [29] . On the other hand, the latter takes forces/moments generated during locomotion as well as the speed and acceleration of the robot into consideration, mainly based on the zero-moment point (ZMP) or the center of pressure (COP) [30] . In trotting, the support polygon does not exist and is rather collapsed into a line segment; therefore, it is not appropriate to use a static stability margin to evaluate the trotting stability [31] .
As the main contribution, this paper proposes the followings in order to increase the stability of trotting quadrupeds, further improving the authors' previous work [18] .
1) The quadrupeds perform the postural transition scheme (PTS) to trot sequentially on surfaces with different angles, which regulates the COG projection of the robot.
2) The proposed PTS is optimized by using a real-coded genetic algorithm (RCGA) [32] - [34] based on the reproduction operator of gradient-like selection [35] . This further improves the stability of quadrupeds, particularly in moving through regions where slopes in the trail change. 3) Control thresholds regulated by the angular speeds of the robot body are proposed as a criterion of the swaying for performing the IM. 4) Admittance control with the IM is proposed and implemented, which changes the impedance parameters in real-time based on ranges generated by the control thresholds.
The rest of this paper is organized as follows: In Section II, the generation of the ellipsoidal foot trajectories for trotting, an introduction to the PTS, the proposed admittance control with the IM, and the definitions of the control thresholds are described. Section III describes the computer simulations and experiments with a quadruped robot named HUNTER (Hanyang UNiversity TEtrapod Robot) developed at the authors' lab to verify the effectiveness of the proposed schemes. Section IV concludes this work with a summary.
II. GENERATION OF FOOT TRAJECTORIES AND THE POSTURE CONTROL SCHEME
When a quadruped animal meets a hill while walking on a trail, it changes its body posture, for example, by lowering its head, bending its front legs down, stretching its rear legs back, or moving its torso forward. These behavioral patterns become more clearly observable as the trail becomes steeper. Here, schemes that mimic the behaviors of animals are proposed for quadruped robots in order to make them trot stably in a diverse trail.
A. ELLIPSOIDAL FOOT TRAJECTORY
Here, for a trotting quadruped, the trajectory for each foot is generated based on an ellipsoid. The ellipsoidal foot trajectory has the advantage of being continuous and rhythmical. In addition, it is intuitive and easy to analyze. However, its parameter should be changed for adoption to the changing environment of the trail.
First, let's define a fixed global and a body-attached coordinate frames, which are shown in Fig. 1 , where coordinate frames {XYZ } and {xyz} denote the fixed and the body coordinate frames, respectively. The Z -axis of the global coordinate frame is defined to be vertically upward, i.e., perfectly opposite to the direction of the gravitational field. Let θ r , θ p , and θ y denote the Euler angles of the body in the roll, pitch, and yaw-directions. Let h f and l f denote the parameters of an ellipsoidal foot trajectory, i.e., the stride and the vertical range of the foot action, respectively. The stride in the first step is set as a half of that in the normal trot cycles under the assumption that the quadruped is stationary before start trotting. Without loss of generality, it is assumed that the quadruped robot moves in the X -direction unless stated otherwise.
The ellipsoidal foot trajectory consists of a flight phase and a thrust (or stance) phase. Let 
where 0 ≤ t ≤ T ; l f denotes the stride and h f denotes the vertical motion range of the foot, which can be changed at the beginning of each step; angle φ is the initial phase which is set at π/2 for the pair of legs starting a thrust phase first and at −π/2 for the pair of legs starting a flight phase first; T denotes the step period and ω f = 2π/T is the step frequency;
T denotes the relative position of the center of the elliptic path for foot ij w.r.t. the body coordinate frame. Note that the distance between the center of the elliptic path of a foot and its associated shoulder (or the hip) is bounded from above by the length of the leg.
In this paper, the height of the thrust phase is set to zero in order to minimize the swaying of the robot body. Thus, the shape of the desired foot trajectory becomes a half ellipsoid. In addition, the orientation of the ellipsoidal path of a foot can be modified based on the slope of the trail and the orientation of the robot body. In order to secure a ellipsoidal path symmetric about the trail line and to reflect the trail slope, the desired position of the foot, x d f , relative to the body frame is set as
where R(ψ t ) denotes the rotation matrix defined by
where ψ t denotes the difference between the slope of the trail in the pitch-direction, γ , and the pitch angle of the robot body, θ p , i.e.,
Note that since the moving direction is assumed to be in the X -direction of the global coordinate frame, γ < 0 for an uphill trail.
B. POSTURAL TRANSITION SCHEME (PTS) AT POSTURE TRANSITION REGION
Under the assumption that the speed of quadruped's trotting is not high, quasi-static stability analysis is used here. First, suppose the quadruped robot meets a hill during trotting. If it maintains its posture used in a trot on a horizontal flat track, its COG projection point (in static locomotion) on the ground would shift backward, thus making locomotion less stable in the sense of static stability margin [28] . Thus, to prevent this from happening, its posture needs to be changed depending on the slope of the trail. After detecting a hill, the quadruped needs to change its posture according to some schemes, which are called in general postural transition schemes (PTS). Some examples of the PTS are shown in Fig. 2 , where the legs of the simplified robot model are virtual without any knee or elbow joints. One scheme is to shift the body forward, thus the COG projection of the robot does not move backward so that it is located somewhere in the middle of front legs and rear legs (see Fig. 2(a) ). Another is to lower the level of its shoulder so that it is closer to the ground and the longitudinal direction of the robot body is aligned almost parallel ( Fig. 2(b) ) or somewhat oblique (Fig. 2(c) ) to a horizontal line. This scheme, combined with the previous, achieves secure footing on the ground and enhances the stability by lowering the COG further. Since there may be many different varieties of the PTS, in this work, the optimization of the PTS is proposed based on the RCGA. The optimized movements of the legs are demonstrated in the simulations covered in Section III.
Note that there exists a geometrical constraint
where b is the longitudinal length of the robot, z ff and z rf respectively denote the z-coordinate of the body coordinate frame for the front and rear foot on the ground simultaneously. Thus, with this and (5),
meaning that it is possible to the amount of angular adjustment of desired foot path by measuring body pitch angle and a set of the positions of front and rear feet in contact with the ground. Moreover, the center of an elliptic foot path needs to be changed depending on the slope of the track. Thus, when the slope changes, the center position also needs to be changed. So, the center position is a function of the track slop. The optimal position of the center of an elliptic path will be determined based on the genetic algorithm, which will be explained later. If there is a change in the slope of the track while totting in the track, region k, the center of an elliptic foot path needs to be gradually changed to the optimal value of the subsequent slope of the track, called region (k + 1). Let's assume that this transition takes N steps of trot. Here, a cubic polynomial is used to deal with the gradual change in x ij c for foot ij. The transitional position of the center of the elliptic path for foot ij at the transition step number n (1 ≤ n ≤ N ) becomes
with conditions
Even with the PTS implemented, a control law should be implemented in order to deal with uncertainty in the geometry of the track. An unexpected change in the track slope may result in a premature ground contact of the landing feet, one of the example situations is described in Fig. 4 . The admittance control, or impedance control in a large sense, is highly effective in controlling premature ground contact, which allow vertical positional adjustment, δ z of the landing foot based on the ground reaction force in the vertical direction, f z . This is summarized in the block diagram shown in Fig. 5 . Besides, in order to enhance further the stability of trotting with slope changes, modulating the impedance parameters for the admittance control is proposed. The impedance parameters are gradually based on where the foot position is on its elliptic path. In this paper, the main task of admittance control maintains the posture balance of the robot by controlling the stiffness of the legs. Admittance control in the forward and lateral direction is not considered in this work because of the limitations of the force sensitive resistors (FSR) used in hardware experiments that can only measure the magnitude of the force.
For a flexible implementation of the admittance control with impedance modulation, let's assume that N z sets of impedance parameters are used for a single step motion for each foot and that each set is used for an equal duration of time, T /N z . The equations defining the admittance control with the impedance modulation can be written as a 2nd-order differential vector equation. For i ∈ {1, 2, . . . , N z },
where
ε i , µ i , σ i and ζ i are constants; z f and z d f denote the measured and the desired vertical positions of each foot, respectively; f z denotes the vertical ground reaction force (GRF); and K 0 and K π v are stiffness-related constants, where π ∈ {r, p}, where superscripts 'r' and 'p' standing for roll and pitch, respectively. K 0 and K π v use the values optimized by the RCGA. The offset position, δ z , to be added to the desired foot trajectory in the diagram shown in Fig. 5 is computed by integratingδ z over time twice. Parameter ε i is zero when M i is used as the desired mass with a fixed value, whereas ε i is larger than one when M i is used as the desired mass with values changed depending on the swaying of the robot body. Parameter µ i is zero when the magnitude of sway in the pitch and roll-directions is small. Otherwise, depending on the magnitude of the sway, µ i is changed, resulting in impedance modulation. More specifically, each of the roll angle and the pitch angle are categorized into N s + 1 level depending on its size. If |θ r | ∈ SR r k and |θ p
where α π with the positive sign is used when high stiffness is required, whereas one with the negative sign is used when low stiffness is required. The robot determines whether to use high stiffness or low stiffness depending on the magnitude and the direction of the body angles, as can be seen in Fig. 6 . Note that the set of η π 's denotes the level of the sway of the robot body, η π k−1 = (k − 1)ν π and η π N s = ∞, where ν π denotes a contant and α π 0 = 0 under the condition α π i ≤ α π i+1 , i = 1, . . . , N s − 1, for π = r, p. In this work, N s is set to 6 and α π and ν π use the values optimized by the RCGA. SR π 0 is defined by
where the CT π denotes the control threshold regulated by the angular speeds of the robot body. β π denotes the initial value of SR π 0 , whose value is optimized by the RCGA. P π m with m ∈ {1, 2, . . . , N z } for π = r, p is defined as
where κ π is coefficients to regulate the scales of P π m not to exceed β π . The trotting is a gait of middle speed with dynamic properties, although it is considered as quasi-static one in this paper. For reflecting the dynamic properties, thus, the CT π is regulated by P π m in which the angular speeds of the robot body is expressed as the coefficients. A cubic polynomial is used to deal with the gradual change in f ψ t for SR p 0 , which reflects the pitch angle of the robot body and the slope of the trail changed by the PTS. The transitional angle f ψ t (n) at the transition step number n (1 ≤ n ≤ N ) and the regions k and (k + 1) as in (8) becomes
It is well known that if an excessive transient behavior of the vertical GRF of the landing foot is one of the key factors that destabilize the robot posture. In addition, the moment of the maximum height of the flight phase is an important factor destabilizing the robot posture. The foot located at the maximum height during the flight phase can be contacted on the ground by rotating the robot body with respect to the support line. Assuming that the two legs in the diagonal position generating the support line do not fall off the ground, the swaying of the robot body generated by the rotation are largest in size. Thus, in this paper, it is suggested that N z = 2 or 4.
In fact, the swaying is not present during ideal trotting motion because the robot trots with constant strides and foot heights. However, if the swaying always exists, we will call them non-specific swaying, which occurs due to a combination of the following several factors: Thus, the ranges generated by CT r and CT p can be explained as the angle ranges of the robot body allowing non-specific swaying while regulating swaying beyond the non-specific ones. Thus, in this work, the stable control of robot posture eventually means the roll and pitch angles (the swaying) are kept within the ranges generated by CT r and CT p , and the control methods are the optimized PTS and admittance control with the IM. 
III. COMPUTER SIMULATIONS AND HARDWARE EXPERIMENTS
Computer simulations were performed to verify the effectiveness of the proposed schemes (the PTS and admittance control with the IM). In addition, the proposed schemes were implemented in a hardware model called HUNTER.
A. PARAMETER SETTINGS FOR THE SIMULATIONS
The robot model shown in Fig. 7(a) is a simplified hardware model (HUNTER), with its specifications listed in Table 1 . HUNTER has four legs and each leg consists of a 2-DOF pelvic joint and a 1-DOF knee joint. The uphill trails consist of various tilt angles (10, 15 , and 20 degrees), lengths (1.1, 1.4, and 0.8 m), and irregularities (heights of 0.015 and 0.020 m). For the irregular surface with the height of 0.015 m, the length for Y -direction is short when compared with that with the height of 0.020 m. The materials of the feet and the ground were assumed to be rubber and wood, respectively. The simulation was conducted using Mathworks' Matlab software and a commercial dynamics simulator, RecurDyn. A contact model between the feet and the surface is very important for a realistic simulation. In this paper, the Hunt-Crossley model [36] is used as the contact model between the feet and the surface, where the normal component of the contact force is computed by
where k is the spring coefficient, c is the damping coefficient, and δ is a penetration value at the contact point between the foot and the surface. m 1 , m 2 , and m 3 are the exponents of the stiffness, damping, and indentation, respectively [37] . The values of k, c, m 1 , m 2 , and m 3 used for the simulations are summarized in Table 2 . Based on the assumptions about the feet and ground materials, the values of the static friction coefficient µ s and dynamic friction coefficient µ d are also listed in Table 2 .
B. COMPUTER SIMULATION I: OPTIMIZATION OF THE PTS
As introduced in Section II-B, the number of the PTS that satisfy the SSM is infinite. Thus, the RCGA is used to find the optimal PTS to achieve the most stable locomotion for the uphill trails.
The RCGA discussed in this paper includes a gradientlike reproduction operator and an elitist strategy, as can be seen in Fig. 8 . In addition, Fig. 8 shows how the individuals are applied to the robot motion. The crossover probability, mutation probability, generation, and population size (meaning the design parameters of the RCGA) were set to 0.8, 0.2, 100, and 20, respectively. The design variables were the transitional position of (8) at n = N and t = T . Let using the values of the optimized design variables. For the foot trajectory, the stride l f was 0.080 m and the maximum foot height h f was 0.100 m. The period T for a single step, composed of a flight phase and a thrust phase, was set to one second and total simulation time was 7.25 s. ψ t was computed by (7) . In this simulation, there were no posture control methods (including admittance control) used to verify the effectiveness of the isolated PTS. The simulations were performed by using the slanted surfaces with the angles from 7.5 to 20 degrees at intervals of 2.5 degrees.
The performance and stability of the robot locomotion was evaluated by the following fitness function:
where superscripts 'r', 'p' and 'y' standing for roll, pitch, and yaw respectively. The penalty coefficient is defined as
where θ = θ r θ p θ y T . υ is necessary to give penalty for large swaying that can cause tipping over, which becomes zero if θ is above one radian. P x is the forward displacement of the robot body during the locomotion, whose desired value 
where N t denotes the total number of the foot steps. S x is the forward velocity of the robot body during the locomotion. Thus, f a evaluates the sway of the robot body during the locomotion because the stability of the robot posture decreases as the swaying increases. f p evaluates the performance of the forward movement of the robot and f s evaluates backward foot slipping. w 1 , w 2 , w 3 , w 4 , and w 5 are the weights determining the importance of the variables of the scoring functions, whose values were set to 3, 1, 3, 2, and 0.1, respectively. In this paper, the control method of the robot posture in the yaw-direction is not included. However, the robot could trot without a large change of the yaw angle for the uphill trails because the robot locomotion was evaluated by f a and f p . The aspects of the optimized PTS depending on the slope angle are summarized in Table 3 . It is well known that the number of design variables greatly affects the simulation time. For reducing the simulation time, thus, the optimized values were used in the next subsection that the robot trots on the terrains with various slope angles. The postural transition performed by the optimized values exhibited unified shapes in which the legs moved together in the horizontal and vertical directions, as can be seen in Fig. 2(c) . The resulting shapes have the advantage of reduced swaying and torquein particular for knee joints-by distributing the movement of the legs in the horizontal and vertical direction. The robot bent its front legs to a greater degree in the vertical direction and stretched its front legs and rear legs to a greater degree in the horizontal direction according to the increasing slope angle. The score representing the performance and stability of the robot locomotion decreased with the increasing slope angle.
C. COMPUTER SIMULATION II: OPTIMIZATION OF THE TROTTING FOR TERRAIN WITH VARIOUS SLANTED SURFACES AND IRREGULAR SURFACES
Computer simulations were implemented based on the terrain shown in Fig. 7(b) . The optimization was carried out in four regions depending on change of the tilt angle, and each region is arranged in Table 4 . For the design parameters of the RCGA, the crossover probability, mutation probability, and population size were set to 0.8, 0.3, and 20, respectively. For Regions I, II, III, and IV, the generations were set to 100, 50, 20, and 20, respectively. By the fitness function used in the previous subsection, the performance and stability of the robot locomotion was evaluated. w 1 , w 2 , w 3 , w 4 , and w 5 were set to 1, 1, 1, 3, and 0.1, respectively.
Under the similar environmental conditions and specifications of the robot, computer simulations and hardware experiments were performed to verify the performance of admittance control with the IM and the optimized PTS. Because the HUNTER was designed for walking having three contact points (a triangular support polygon) between its feet and the ground, the torque and strength exerted by each of its jointssuch as the sunk key and shaft-is insufficient for the robot to climb slanted surfaces in comparison with StarlETH having a similar size. [2] .
Thus, an additional scheme is required for HUNTER to climb the uphill trails. In the postural transition region, if the COG projection point moved towards the rear legs, HUNTER lost its balance rapidly owing to the lack of torque and deformations of several mechanical elements. To prevent this problem, a part of the optimized PTS was performed before the initial trot cycle, both in the computer simulations and hardware experiments. Despite unsatisfactory condition occurred by this additional scheme that the COG projection point is shifted towards the front legs on the horizontal and the slanted surfaces, in particular on the horizontal surface, this scheme can lower the joint torque by reducing the movement generated by the PTS. Thus, the robot performed a part of the PTS, which stretched its front legs and rear legs backward by −0.11 m and −0.05 m. For the foot trajectory, the stride, maximum foot height, and single-step period were 0.080, 0.100 m, and 1 s, respectively. The total simulation time was 48.25 s. In this work, ε i and σ i are set to 0 and 18, respectively. B i is the critical damping coefficient that decreases most rapidly in the case of overshoot.
To verify the performance of admittance control with the IM and the optimized PTS, the computer simulations are implemented and compared by the following cases. The lower and upper boundaries of the reference stiffness K 0 , the variation value of the stiffness K π v for π = r, p, and the gain ζ are
The lower and upper boundaries of the design variables β r and β p are
Tables 5 and 6 present the optimized simulation results. The resultant values of K 0 and ζ were the optimized ones for the simulation that the robot trotted on the horizontal surface. In Regions III and IV, β π for π = r, p had smaller values other than ones of Regions I and II. It means that the robot controlled its body swaying based on more narrow ranges generated by CT r and CT p for regions with larger disturbance (Regions III and IV) so that it could rapidly respond to the variation of the swaying.
The optimized PTS is applied to the center point of the desired foot path, as can be seen in Fig. 9 , whose movement values present in Table 3 . The PTS were mainly performed by the movements of the front legs in the horizontal and vertical directions, which are shown in Fig. 9 . Fig. 10 represents foot trajectories measured by a position sensor. The measured foot trajectories in the horizontal direction, as can be seen in Figs. 10(a) , and 10(b), included information, such as the tracking error caused by the GRF and the optimized values for the postural transition. In addition, for the measured foot trajectories in the vertical direction, as can be seen in Figs. 10(c), and 10(d), information of the offset position δ z generated by admittance control with the IM was added when compared with measured ones in the horizontal direction.
The forward displacements of the robot body for each case, which is shown in Fig. 11 . When Case I (with IM) was applied to control the robot posture based on the ranges generated by CT r and CT p , the robot exhibited significantly improved forward movement. Case III (without AC) and Case IV (without PTS), the robot did not climb the slanted surface. Moreover, it tipped over after 9.8 s for Case III and 16.4 s for Case IV. The robot controlled by Case II (without IM) could hardly move on the slanted surface because of its low movement performance. Fig. 12 shows the Euler angles of the robot body in comparison with the other cases and Case I (with IM). The ranges generated by CT r and CT p were changed depending on the posture transition region, which were reduced by P r and P p . In addition, the ranges were moved by the cubic polynomial f ψ t , as can be seen in Fig. 12(b) . For Case I, the figure shows that the roll and pitch angles were not perfectly kept within the ranges generated by CT r and CT p , and the range generated by CT p got narrow greatly by P p between 15 and 25 s. In addition, for Case I, the roll and pitch angles were maintained at the postural transition region within the ranges generated by CT r and CT p to a higher degree when compared with the other cases, which are shown in Fig. 12 . However, the pitch increased beyond the range generated by CT p after 40 s.
For Case I (with IM), the stiffness values changed depending on the roll and pitch angles, as can be seen in Fig. 13 , in the result, the angles did not deviate significantly from ranges generated by CT r and CT p , as can be seen in Fig. 12 .
In the other cases, the roll and pitch angles deviated considerably from the ranges. The changes of the stiffness values occurred every quarter-second. It means that N z was set to four (in the foot landing, foot lift-off, and the moment of the maximum height of the flight phase). The stiffnesses of the legs had similar patterns between 12 and 22 s, as can be seen in Figs. 13(a) and 13(b) (or Figs. 13(c) and 13(d)). It means that the stiffnesses of the left legs or the right legs were mainly regulated by admittance control with the IM based on the roll beyond the range generated by CT r and η r .
D. HARDWARE EXPERIMENTS
HUNTER, shown in Fig. 14, is equipped with sensors (IMU and FSR), motor controllers, and motors. In addition, it has passive joints composed of torsional springs and foamed polyurethane pads. The torsional springs with stiffness of approximately 300 Nm/rad and the foamed polyurethane pad with a loss factor of 0.25 are used to decrease the GRF. The specifications of HUNTER match those of the simulation model introduced in Table 1 . The motor (Maxson' RE 30) has a nominal output torque of 85.6 mNm and a gearing reduction ratio of 1/102. Thus, the torque produced in each joint is approximately 8.7 Nm. The torque is not sufficient for the robot to climb the uphill trail when compared with other quadruped robots of similar size [2] . Moreover, the mechanical elements of the joints did not have sufficient strength to perform the task. Thus, unlike the computer simulations handled in the previous subsection, the experiment was performed only on flat surfaces with an inclination angle of 10 degrees. In addition, as in the computer simulations, the robot performed a part of the postural transition before the initial trot cycle, which stretched its front legs and rear legs backward by −0.11 m and −0.05 m.
Because it is impossible to repeat many hardware experiments under the same conditions, the parameters were tuned not by the optimization, but by trial and error based on the results of computer simulations. The parameters are summarized in Table 7 . This table shows that different parameters were used in the computer simulations and the hardware experiment. This was caused by modeling errors, such as gear backlash, joint clearance, and ground condition between the simulation model and the hardware model, which also affected the setting of the ranges generated by CT r and CT p . The remaining parameters (not in Table 7 ) were applied in the same values as those of the simulation. For the foot trajectory, the stride, maximum foot height, single step period, ε i , and σ i were equal to those of the simulation. The total number of transition steps N was set to 4 and the total time of the trotting was 7.75 s from 19.75 s to 27.5 s. As in the computer simulations, the hardware experiments are compared with four cases. Fig. 15(a) shows snapshots of HUNTER trotting on the horizontal and the slanted surfaces by using the proposed schemes-the PTS and admittance control with the IM. The forward displacement was significantly increased by Case I (with IM). Fig. 15(b) shows a snapshot of HUNTER immediately after the locomotion for Case II (without IM). The robot had a short forward displacement when compared with Case I. Figs. 15(c) and 15(d) also present snapshots of HUNTER immediately after the locomotion for Case III (without AC) and Case IV (without PTS). The motion of the right front leg stopped because of the preset limits of the motor controller for tracking error of a position and a velocity, as can be seen in Fig. 15(c) . In Fig. 15(d) , the robot did not experience leg stops, unlike the experiment of Fig. 15(c) . However, the robot did rarely trot on the slanted surface because the COG shifted to the rear legs.
The optimized PTS was applied to the desired foot trajectories from 22.5 to 26.5 s, which are shown in Fig. 16 . The movement values of the PTS are summarized in Table 3 . Fig. 18 shows the oscillation ranges of the swaying in comparison with the other cases and the ranges generated by CT r and CT p for Case I (with IM). In addition, the ranges were reduced by P r and P p . For Case I, the roll and pitch angles were kept within the ranges more than the other cases, as can be seen in Figs. 18(a) and 18(b) . The range generated by CT p was moved by f ψ t , which is shown in Fig. 18(b) . The instrument error at the yaw angle caused by the influence of the magnetometer was calibrated after 20 s, as can be seen in Fig. 18(c) .
For Case I (with IM), the stiffness values changed depending on the sizes of the roll and pitch angles beyond the ranges generated by CT r and CT p , which are shown in Fig. 19 . It means that the algorithm of the IM in Fig. 6 was performed based on the ranges generated by CT r , CT p , η r , and η p . In addition, the changes occurred every a half-second. It means that N z was set to two (in the foot landing and foot lift-off). The stiffness values of the right legs were generally larger than those of the left legs, verifying that admittance control with the IM operated well considering the roll and pitch angles and the ranges generated by CT r , CT p , η r and η p .
The stiffness values had similar patterns, as can be seen in Figs. 19(b) and 19(a) (or Figs. 19(d) and 19(c) ), which mean that the stiffnesses of the left legs or the right legs were mainly regulated by admittance control with the IM based on the roll beyond the range generated by CT r and η r .
IV. CONCLUSION
A postural transition scheme (PTS) and admittance control with impedance modulation (IM) are proposed to control robot posture on horizontal, slanted, and irregular surfaces including a postural transition section. Control thresholds based on the angular speed of the robot body is proposed as a criterion for controlling the swaying of the robot body by IM. Postural transition is implemented by movement values optimized by a real-coded genetic algorithm (RCGA) depending on the slant angles, and cubic polynomial is used to naturally apply the optimized values. To verify the performance of the proposed schemes, computer simulations and experiments were performed utilizing a 12-DOF quadruped robot called HUNTER. Additional schemes are applied to the simulations and experiments counteract the lack of nominal output torque of the motor and strength reduction of the mechanical elements in each joint. The performance of the proposed scheme was compared with cases when the PTS and admittance control with the IM were not applied to the posture control of the robot. Results of the simulations and experiments verify that the robot trots stably on both horizontal, slanted, and irregular surfaces using the proposed schemes.
